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Abstract 
Catalyst deactivation and its environmental consequences are believed to be an important issue seriously needed to be 
dealt with. In this study, a mathematical model of a spherical bed along with the catalyst deactivation in a long-term 
operation period for the methanol synthesis was investigated. The inside space of the two spheres reactor configuration 
was filled with the catalyst. The materials in the outer surface of the inner hemisphere were understudied. The equations 
solved at two dynamic and static levels via the finite difference method. It was revealed that, the resulting pressure drop as 
well as operation costs might have been lowered while the production capacity enhanced in comparison with the 
conventional reactors and overall leading to better environment protections. Furthermore, the analysis of the catalyst 
deactivation behavior indicated that a series of parameters including the reactor temperature and size, as well as the 
entering carbon monoxide and feed rates played an important role in the catalyst deactivation. 
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1. Introduction 
Methanol is one of the three most important products produced thru the chemical industries world from 
which too many materials derived [1, 2]. Due to shortage of energy resources foreseeable in future, the direct 
use of the methanol as a clean fuel in such places as in fuel cells and hydrogen production is an issue under 
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serious considerations. Hence its environmental aspects are undertaken. In the methanol synthesis from the 
synthesis gas, the catalyst plays an important role for which the activity reduction during the process might 
cause the methanol production lowering. This leads to production of competing undesirable species in the 
reaction scheme as well as wasted energy both for this and other needed downstream separations hence; 
creating environmental concerns. Generally, a good industrial catalyst provides high activity and selectivity 
toward production of desired species. In addition, one important factor in selecting an industrial catalyst is 
that its activity and selectivity not only remain high but also, stays near the optimum level for a long period of 
time. Due to the presence of such environmental toxins as CO and CO2 in the reactor feed as well as high 
operating temperatures catalysts become deactivated. On the other hand, it is an unavoidable complex 
phenomenon taking place hence; should be carefully investigated [3, 4]. Moreover, the use of spherical bed 
reactors in order to improve the methanol synthesis is widely understudied. This might therefore be a good 
alternative to regular conventional tubular reactors (TR). In spherical reactors known as the RF-SPBR, the 
space between the two concentric spheres is filled by catalyst. In short, the design is such that the feed inlet 
enters the vessel across the external wall and radially proceeds inward through the bed. Then it flows outward 
via a pipe collector. Advantages of this type reactor in comparison with the usual conventional TR types are a 
small pressure drop, low manufacturing costs as a result of a small wall thickness, and a high production 
capacity [5] hence, better environmental and economic outcomes. Ultimately, good deals of researches were 
performed on the synthesis of methanol in spherical bed reactors [5-10]. 
The present proposed model focuses on discussing the influences of the various reaction and reactor 
parameters on the catalyst deactivation and performance of the reactor for a spherical geometry. The main 
purpose of this study is to scrutinize the influence of various factors involved in deactivation of the 
CuO/ZnO/Al2O3 catalyst in spherical beds. Homogeneous and one-dimensional aspects have been considered 
throughout this study. The basic structure of this model is composed of heat and mass balance conservation 
equations coupled through thermodynamic and chemical kinetic relationships as well as auxiliary correlations 
for predicting physical properties. 
2. Spherical Reactor Modeling 
The Methanol synthesis from syngas (CO, CO2 and H2) in presence of the catalyst is widely used in 
industry. The schematic diagram of the spherical reactor is shown in Figure 1.  
 
Fig. 1. Schematic diagram of a methanol synthesis in a spherical bed reactor 
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The mathematical model corresponding to the SPFR is derived by starting from the dynamic model 
developed by Rahimpour et al. [5]. In the present study, the homogeneous, one dimensional model was 
considered. The basic structure of this model composed of heat and mass balance conservation equations 
coupled through thermodynamic and kinetic relations as well as auxiliary correlations for predicting thermo-
physical properties. In this model, it was assumed that, gradients of temperature and concentration between 
the catalyst and gas phases were negligible. The mass and energy balances for the fluid phase were expressed 
by Eqs. (1) and (2): 
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By neglecting the radial dispersion and heat conductivity in fluid phase, Eqs. (3) and (4) were obtained: 
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where; Cj, T and a were the fluid-phase concentration, temperature and catalyst activity, respectively. The 
boundary conditions were set as follows: 
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The initial conditions provided below: 
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where; ssjC  and 
ssT  were the concentration and temperature profiles under the steady state conditions, 
respectively. Tables 1 and 2 presented the catalysts properties and input data for reactor conditions in the 
current study. 
Table 1. Reactor and catalyst properties 
Parameter Value Unit 
sU  1170 kg.m-3 
pd  5.47×10
-3 m 
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V 80 m3 
H 0.5 [-] 
sH  0.4 [-] 
spa  626.98 m
2.m-3 
pcc  5.0 kJ.kg
-1.K-1 
psc  2.98 kJ.kg
-1.K-1 
Table 2. Input reactor data 
Feed Conditions (Unit) Value 
CH3OH (mole. %) 0.50 
CO2 (mole. %) 9.40 
CO (mole. %) 4.60 
H2O (mole. %) 0.04 
H2 (mole. %) 65.90 
N2 (mole. %) 9.30 
CH4 (mole. %) 10.26 
Total Molar Flow Rate (kmol.s-1) 2 
Inlet temperature (K) 513 
Pressure (bar) 76.98 
Specific heat (J.mol-1.K-1) 35.5 
Conductivity (W.m-1.K-1) 1.81×10-2 
Inner radius (m) 1 
Outer radius (m) 2.75 
 
The syngas is a mixture of gases including the CO, CO2 and H2. Three main reactions occurring in the 
methanol synthesis reactor are: 
x The hydrogenation of carbon monoxide (CO) 
OHCHH2CO 32 om   (7) 
x Hydrogenation of carbon dioxide (CO2) 
OHOHCHH3CO 2322 om   (8) 
x Reversed water-gas shift reaction 
COOHHCO 222 om   (9) 
The main reaction in synthesis of methanol is the hydrogenation of the carbon monoxide [11]. The reaction 
rate and adsorption equilibrium constants, as well as reaction equilibrium constants all were obtained from the 
ref. [11]. In addition, the major reason for the loss of the CuO/ZnO/Al2O3 catalyst activity was attributed to 
the thermal sintering led to the loss of the active surface area. Amongst different deactivation models, the one 
presented by Hanken better suited the industrial data of the methanol synthesis reactor because it utilized the 
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data of an industrial plant for deactivation parameter estimations [12]. This model provided in the following 
form: 
511exp a
TTR
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Here, a denoted the activity of the catalyst pellet and TR, Ed and Kd were the reference temperature, 
activation energy and deactivation constant of the catalyst, respectively [12]. The numerical values of these 
parameters presented in Table 3. 
Table 3. Deactivation parameters of the catalyst pellets  
Parameter Value Unit 
RT  
513 K 
dE  91270 J.mol
-1 
dK  0.00439 h
-1 
The governing equations of the model formed a system of coupled relations comprising algebraic, partial 
differential and ordinary differential equations. A two-step procedure was used to solve the set of coupled 
partial differential-algebraic equations of the system. The simulation, in both steady and dynamic conditions 
was performed. 
3. Results and Discussion 
The results of the steady-state modeling were compared with those reported by Hartig and Keil [13]. Table 
4 showed that the simulation results were in good agreement with the experimental data. 
Table 4. Comparison of simulation results with Hartig and Keil [13] data 
Product condition Plant Predicted Error (%) 
Composition (% mole) 
H2O 1.41 1.54 8.44 
CH3OH 4.212 4.3 2.04 
H2 76.58 75 2.06 
CO 1.801 1.95 7.6 
CO2 1.476 1.34 9.21 
N2 3.915 4.05 3.3 
CH4 14 13.85 1.07 
The methanol synthesis occurred due to the exothermic reaction temperature rise in the reactor. The 
resulting methanol mole fraction changes in the radial direction of the reactor was shown in Figure 2a. It is 
seen that; with increasing temperature in the reactor, the rate of the reaction (7) enhanced, there upon the 
methanol production maximized. This meant that the catalyst activity under steady state was kept constant and 
the catalyst deactivation did not exist initially. It is reminded that, in the steady state model due to use of the 
fresh catalyst (i.e.; a=1) the maximum reaction in the reactor occurred. Moreover, the temperature changes as 
a function of the reactor radius revealed in Figure 2b. 
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Fig. 2. (a) The methanol mole fraction and (b) the temperature variations along the reactor radius under steady state conditions 
The time depended profiles of the methanol concentration as well as temperatures along the reactor radius 
under dynamic simulation conditions were shown in Figures 3a and b, respectively. Furthermore, it was 
observed through Figure 3c that the catalytic activity reduced with enhanced temperature. This activity was 
accounted for the catalyst located in the middle of the reactor during the methanol production process. 
  
 
Fig. 3. (a) The methanol mole fraction, (b) temperature and (c) catalyst activity variations as time go by along the reactor radius 
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4. Conclusions 
The methanol synthesis due to the syngas in the presence of the CuO/ZnO/Al2O3 catalyst used worldwide 
has raised many environmental concerns. One of the important issues with such processes is the catalyst 
deactivation. In the present study, the catalyst activity in the spherical bed reactor was undertaken where the 
feed was assumed to be free of sulfur compounds. Studies indicated that, factors such as the size of the reactor, 
the CO and feed rates as well as; the input temperature and feed type had significant impacts upon the catalyst 
activity the duration elongation of which led to better healings of the environmental concerns. The results 
further showed that the catalytic activity decreased with increased radius. Moreover, this caused enhancing of 
the methanol production. Also with increasing the CO concentration in the reactor feed, the water production 
was lowered in turn, considerably reducing the catalyst deactivation. This was generally attributed to the 
increasing reaction rate of the process. In particular; the catalytic activity was observed to reduce with 
increasing radius, feed temperature, feed flowrate as well as; the carbon monoxide fed to the reactor. This 
investigation emphasized that, in order to reach an optimum condition improving the methanol production one 
ought to optimize the utilized catalyst’s activity in turn resolving environmentally raised issues.  
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